This presentation is based on a paper by the presenter; Haruyuki Kitamura of the Tokyo University of Science; and Takeshi Ohkuma of Kanagawa University.
INTRODUCTION
In a previous report, the authors examined the mechanism of energy input to stationary random vibrating elasto-plastic structures subject to zero-mean fluctuating wind forces (Yoshie et al., 2003) . It was shown that, for an elasto-plastic structure subject to external wind loading: ・ The energy input is a stable quantity and is given by the energy input to an undamped elastic system given by Eq.1. ・ The energy input can be described by transfer of the component of external wind energy corresponding to the instantaneous period, as the period changes momentarily due to the degree of structural damping or plasticity. ・ An energy transfer weighting function for each period can be expressed by using velocity transfer functions ) ( f H & , as shown in Eq.2.
(1) (2) where, f is frequency, m and f 0 is the mass and the natural frequency of the system, input E & is the energy input per unit time, S F (f) is the power spectral density of fluctuating wind force. Also it was shown that evaluation of the energy input to an elasto-plastic structure by using velocity transfer functions with the equivalent period and damping of an elasto-plastic vibrating system can be evaluated sufficiently over a practical range.
In the field of seismic design, Akiyama showed that energy input due to earthquake was stable, and proposed the prediction method of elasto-plastic response of buildings based on energy balance. Akiyama's method is applied on seismic design in Japan (Akiyama, 1980) . On the other hand, for the prediction of elasto-plastic wind response using energy balance, Ohkuma et al. and Yamazaki et al. (Yamazaki et al., 1996) studied the prediction of response of elasto-plastic structures due to fluctuating wind forces. They used an empirical formula for the evaluation of energy input to elasto-plastic systems, based on elasto-plastic time history response analysis, and demonstrated the validity of their method. Tsujita et al. (Tsujita et al., 1998 ) demonstrated a prediction method using a statistical method for the elasto-plastic response based on the energy balance condition, assuming a zero cross peak displacement distribution to obtain the hysteretic energy absorption, etc. Tsujita's results were capable of evaluating with good accuracy the elasto-plastic response. Although the energy input was not directly evaluated, he showed the validity of evaluation using energy balance for predicting the response of elasto-plastic structures subject to fluctuating wind forces. However, similar to the seismic design example mentioned previously, in order to apply the elasto-plastic response of structures to wind resistant design the following tasks are important: ・ To explicitly express the relationship between response values used in design (i.e. deformation) to energy input, ・ To directly relate amount of input energy and elasto-plastic characteristics of a structure (yield deformation or yield shear stress) to the amount of plastic deformation, and ・ For the elasto-plastic design of a structure subject to fluctuating wind loads to clarify the relationship between the level of external forces and plasticity of the structure. The purposes of this research were to analyze the elasto-plastic response properties necessary for prediction of response of elasto-plastic structures subject to fluctuating wind loads, to develop a method of predicting the response of elasto-plastic structures due to fluctuating wind loads based on energy balance, and to demonstrate the validity of the approach. The scope of the investigation was limited to fluctuating wind loads without average components.
EQUIVALENT LINEARIZATION OF ELASTO-PLASTIC SYSTEMS SUBJECT TO FLUCTUATING WIND LOADS
In the previous report (Yoshie et al., 2003) , time history response analysis was used to show that the energy input to an elasto-plastic system subject to fluctuating wind loads could be sufficiently approximated by the energy input to an equivalent linearized system. This is a useful fact for investigating elasto-plastic response prediction using energy balance. Here, using time history response analysis we compare the response of the elasto-plastic system and equivalent linearized system, check the differences in the response values of displacement and velocity, and investigate the zero cross peak distribution of response displacement which is essential for the elasto-plastic wind response prediction method.
An equivalent linearized system of an elasto-plastic system is as shown below. The building used in this study is shown in Fig.1 . The analysis model as a single degree of freedom system with the modal mass and modal force is shown in Fig. 2 . In the elasto-plastic model, it was assumed that after the building went plastic the vibration mode does not change. The building fundamental mode is assumed linear rocking mode. Structural damping was taken to be a damping coefficient of ξ =0.02 with respect to the initial stiffness. The restoring force characteristics were assumed to be Normal Bi-Linear as shown in Fig.3 , assuming hysteresis damping of a steel framed high rise building. The analysis parameters are natural period while elastic T 0 , stiffness ratio after yielding α, and displacement at yield δ y . Table 1 shows the analysis parameters. The equivalent stiffness k eq and the equivalent damping coefficient c eq of the equivalent linearized system are given by Eq.3 and Eq.4 from the results of the elasto-plastic system time history response analysis. k eq and c eq used in the analysis of the equivalent linearized system are shown in Fig.4 and 5. 5, 10, 15, 20, 25, 30, 40, 50, 60 shows the number of zero crossings for the response displacement, comparing the analysis results for the elasto-plastic system and equivalent linearized system. Although the number of zero crossings in the response results for the equivalent linearized system is fewer than in the elasto-plastic system, in all cases the results for the equivalent linearized system are in good agreement with those of the elasto-plastic system. This confirms that the equivalent linearized system can be used to represent the response of the elasto-plastic system. 8 shows the probability distribution of zero cross peak displacement from the elasto-plastic response analysis. The Rayleigh distribution shown in the figure is the curve obtained using Eq.5 for RMS of response displacement x σ from the elasto-plastic analysis. The RMS of the response displacements of the elasto-plastic and equivalent linearized systems are virtually identical, so this curve also represents the probability distribution of the zero cross peak displacements of the equivalent linearized system. 
Fig.8 probability distribution of zero cross peak displacement from the elasto-plastic response analysis From Fig.8 it can be seen that when the degree of plasticity is small, in case of the yield displacement δ y is large or when the stiffness ratio after yielding is large, the Rayleigh distribution of the zero cross peak displacement is virtually unchanged. And when the degree of plasticity is large the Rayleigh distribution ceases to be applicable. As shown in Eq.3, equivalent linearization of an elasto-plastic system uses a condition of strain energy equivalent per cycle, so the relationship between zero cross peak displacement of the elasto-plastic system x i and the corresponding zero cross peak displacement of the equivalent linearized system eq x i is given by the following formula. Until now, the subscript pk has been applied to the value of zero cross peak in order to distinguish it from the value at an arbitrary time, however, hereafter this is omitted.
(6) When the event probability p(x i ) of the zero cross peak displacement x i of the elasto-plastic system and the event probability p'( eq x i ) of the corresponding zero cross peak displacement eq x i of the equivalent linearized system are equal, the following formula is obtained. (7) The eq x i for the equivalent linearized system conforms to the Rayleigh distribution, so the probability distribution of x i for the elasto-plastic system can be obtained by solving for x i in Eq.6 and substituting into Eq.7. The broken line in Fig.11 shows the proposed formula for the predicted value of the probability distribution of x i for the elasto-plastic system obtained as described above. Although there is a slight difference between the proposed formula and the analysis results for the elasto-plastic system, the form of the zero cross peak distribution is represented well. This indicates that the probability distribution of the zero cross peak displacement of the elasto-plastic system can be evaluated from the corresponding equivalent linearized system.
PLASTIC DEFORMATION AND EQUIVALENT STIFFNESS OF AN ELASTO-PLASTIC SYSTEM SUBJECT TO FLUCTUATING WIND FORCES
The equation of energy balance of an elasto-plastic single degree of freedom (SDOF) system is derived. The equation of motion as follows, (8) where m is the mass, c is the damping coefficient, Q(x) is the restoring force characteristic and F is the external force. Until now, unless otherwise noted, space coordinate, time are expressed by x and t. Multiplied by dx (= dt x & ) on both side of Eq.8, the equation of energy balance is given by (9) The first, the second and the third terms of the left-hand side of the above equation express the kinetic energy W K (t 0 ), the energy consumed by damping mechanism W D (t 0 ), and the elastic strain energy W E (t 0 ) and the energy consumed by hysteresis damping W P (t 0 ), and the right-hand expresses the total amount of energy inputted by an external force E input (t 0 ) at time t=t 0 . Therefore, Eq.9 becomes as follows; (10) It is possible to estimate the energy input to an elasto-plastic system due to fluctuating wind forces from the equivalent linearized system corresponding to the elasto-plastic system (Yoshie et al., 2003) 
Therefore, if the relationship between hysteresis energy absorption and response values, in other words the expected value of plastic deformation, is known, it is possible to evaluate the elasto-plastic response of a structure due to fluctuating wind loads based on the energy balance. However, although as stated in the INTRODUCTION, the energy input to a structure due to fluctuating wind loads is the stable amount determined by the total amount of energy input to an undamped system as shown by Eq.1, and as shown in Fig.9 , it fluctuates with period and damping. Therefore, in order to evaluate the elasto-plastic response, it is necessary to know the relationship between the response value and equivalent period. In this section, it is investigated that the relationship between the expected amount of plastic deformation per cycle and the equivalent stiffness constant of the elasto-plastic system, and propose formulas for predicting them. Then, the validity of the proposed prediction formulas by comparison with time history response analysis results are confirmed. 
Expected value of plastic deformation in an elasto-plastic vibrating system subject to fluctuating wind loads
It is necessary to evaluate the plastic deformation from the peak-peak value (hereafter peak-peak displacement) ∆x of displacement amplitude for each 1/2 cycle, as shown in Fig.10 . As shown in previous section, the Rayleigh distribution can be applied to the distribution of zero cross peak of the elasto-plastic response when the range of plasticity is not very large. Also, considering that the Rayleigh distribution is easy to deal with analytically, it is assumed here that the zero cross peak distribution is a Rayleigh distribution. Firstly, consider the ratio β of the expected value of the subsequent zero cross peak displacement x i+1 , to that of a certain zero cross peak displacement, x i (Fig.11 ). This operation is equivalent to evaluating the damping coefficient of a structure using the Random Decrement Technique (RDT) , by taking samples of a random vibration waveform, aligning the times of occurrence of each local maximum value, and superimposing to extract the free vibration waveforms (Tamura et al., 1996) . Therefore, the expected value of the subsequent zero cross peak displacement x i+1 , for a certain zero cross peak 6 displacement x i , is obtained from the following formula using the attenuation curve for the free vibration with natural circular vibration frequency ω 0 ,and damping coefficient ξ.
(12) Here, t is the time from when x i occurs until x i+1 appears. If this is assumed to be 1/2 the natural period T 0 , then the following equation is obtained. (13) Therefore, the expected value of plastic deformation per 1/2 cycle x p taking into consideration that
When p(x i ) is Rayleigh distribution (Eq.5), the expected value of plastic deformation per 1/2 cycle x p is a function of σ x , x, and δ y , and the following equation is obtained. (15) where erf(x) is error function, , and Fig.12 , the prediction equation agrees well with the time history response analysis results. It can be confirmed that despite the fact that the zero cross peak distribution of the elasto-plastic system response displacement is assumed to be Rayleigh distribution, Eq.15 can approximate sufficiently the average plasticity ratio µ .
Equivalent stiffness of an elasto-plastic vibrating system subject to fluctuating wind forces
The equivalent stiffness is obtained from the balance condition for strain energy per cycle 1 W E' , 1eq W E for the elasto-plastic system and the equivalent linearized system respectively. Therefore the expected values of 1 W E' and 1eq W E are derived, and by equating them the equivalent stiffness is obtained. Assuming the probability density distribution of the zero cross peak displacement p(x i ) is a Rayleigh distribution, the expected value of strain energy per cycle of the elasto-plastic system 1 W E' is obtained from the following equation. (18) where, (19) On the other hand, the expected value of strain energy per cycle 1eq W E of the equivalent linearized system is, 
RESPONSE PREDICTION FOR AN ELASTO-PLASTIC SYSTEM SUBJECT TO FLUCTUATING WIND FORCES, BASED ON ENERGY BALANCE Prediction method
From the results up to the previous section, the W D and W P have been related to response velocity and displacement, and response displacement has been directly related to equivalent period. Using these it is possible to predict the response of an elasto-plastic system subject to fluctuating wind loads from the energy balance without using time history response analysis. In this section a method of predicting elasto-plastic response based on energy balance is presented, the predicted results from the proposed method are compared with the results of time history response analysis, and the validity of the method is investigated. Fig.14 shows the elasto-plastic response prediction flow. Step1 Teq, C eq Calculation of energy input
Step2 Obtain σ x by Eq.25-27
Step3 Calculation of new T eq by substituting σ x for Eq.21
Step5 Modify T eq , C eq
Step6 Calculation of δ max Step0 Calculation of ν 0 while elastic The zero crossing number ν 0 , while elastic is obtained from spectral modal analysis using the initial stiffness of the structural characteristics and the structural damping.
, (22), (23) ( 24) where f 0 is the natural frequency, x 0 is the damping ratio,
is the mechanical admittance of the system and S F (f) is the power spectral density of fluctuating wind force.
Step1 Calculation of energy input
Assuming the equivalent period T eq , below, the response of the elasto-plastic system is obtained from energy balance. For the applied S F (f), the energy input E input is obtained from the Eq.1 using the velocity transfer
of the equivalent linearized system.
Step2 Obtain the RMS of response displacement from energy balance
Per unit of time, obtain the RMS of the response displacement σ x that balances the sum of energy input E input , viscous damping energy W D , and hysteresis damping energy W P .
, (26), (27) where ξ=C eq /2m(2π/T eq ), Q' y =(1-α)k 1 δ y . µ is the average plasticity ratio obtained from Eq.15 and Eq.16. ν' is the modified zero crossing number, adjusting the value of ν 0 obtained in step0 for the effect of plasticity, and is the obtained from the following equation.
In order to satisfy Eq.25, it is necessary to obtain σ x corresponding to µ . However, it is difficult to solve Eq.15 for σ x explicitly, so a convergence calculation is used to obtain the value of σ x corresponding to µ .
Step3 Calculation of the equivalent period corresponding to the response displacement
From the value of σ x obtained, the equivalent stiffness k' eq is obtained from Eq.21, and the equivalent period
corresponding to σ x is obtained.
Step4 Determination of energy balance
If T eq assumed in step1 and T' eq obtained in step3 are virtually equal, the assumed energy input is valid, and taking into consideration the change in natural period accompanying plasticity, the energy input and energy absorbed by the elasto-plastic system are judged to be in balance, so proceed to the final step. If this is not the case then proceed to the next step.
Step5 Modify the equivalent linearization
Using the equivalent period T' eq , obtained in step3 and the modified equivalent damping coefficient C eq , obtained from the following formula, modify the equivalent linearization, and return to step1.
Step6 Calculation of maximum response displacement
The expected value of maximum response displacement max x is obtained from the following equation using the predicted value of probability density function for zero cross peak displacement of the elasto-plastic system p(x i ) obtained by solving Eq.6 and Eq.7.
(29) p max (x) is the probability density function that the maximum peak of the zero cross peaks within time T, will be the value x. The cumulative probability distribution that the peak will exceed x is q(x) and is given by the following equation.
where,
Comparison of the prediction method with the results of time history response analysis
In this section the values predicted using the proposed method and the results of the time history response analysis are compared. Fig.15 shows a comparison of the equivalent periods. In all cases the predicted value of equivalent period and value from time history analysis agree well. Fig.16 Fig.17 shows a comparison of the RMS of response displacement, and Fig.18 shown a comparison of maximum response displacement. µ max in Fig.18 indicates the plasticity ratio (=x max /δ y ). time-history presented analysis method The predicted values of standard deviation of response displacement are generally within 20% of the time history analysis values, with a part about 30% greater, but generally agreement is good, and the change in σ x due to δ y can be represented well. For the predicted values of maximum response displacement, in part there was an error of about 30% with respect to the time history analysis results, but generally the agreement was good.
As indicated above, the response of an elasto-plastic system subject to fluctuating wind loads can be predicted using the proposed method. In particular, over the range where the stiffness ratio α=0.5 or greater and the plasticity ratio µ max is 5 or less, it has been confirmed that the prediction accuracy for energy and response displacement is sufficient.
CONCLUSIONS
Based on the fact that the energy input to an elasto-plastic structure is a very stable physical quantity, a method of predicting the response of an elasto-plastic structure subject to fluctuating wind loads and its validity has been investigated, and the following conclusions were obtained. ・ It has been confirmed that by analytically deriving the plastic deformation per cycle and expected value of equivalent stiffness of the elasto-plastic structure under stationary random vibrations, the prediction equation agrees well with the time history response analysis. ・ Using these findings a method of predicting the response of elasto-plastic structures subject to fluctuating wind loads based on energy balance has been proposed. Values predicted using the proposed method have been compared with the results of time history response analysis, and it has been confirmed that the elasto-plastic response can be evaluated without using time history response analysis. ・ The relationship between deformation and plasticity ratio used in the proposed method of predicting the response of elasto-plastic structures subject to fluctuating wind loads are obtained by modeling the basic stationary random response properties, and deriving mathematically the approximation to the equation of motion and expected values. This method is very reliable and universal. ・ The proposed method is a method for directly evaluating the elasto-plastic response from energy balance. Input energy and elasto-plastic characteristics of the structure (yield deformation and yield shear force) and plastic deformation are directly related, permitting very reliable elasto-plastic design of structures subject to fluctuating wind loads.
